This report describes an efficient strategy for determining the functions of sequenced genes in microorganisms. A large population of cells is subjected to insertional mutagenesis. The mutagenized population is then divided into representative samples, each of which is subjected to a different selection. DNA is prepared from each sample population after the selection. The polymerase chain reaction is then used to determine retrospectively whether insertions into a particular sequence affected the outcome of any selection. The method is efficient because the insertional mutagenesis and each selection need only to be performed once to enable the functions of thousands of genes to be investigated, rather than once for each gene. We tested this "genetic footprinting" strategy using the model organism Saccharomyces cerevisiae.
The Saccharomyces cerevisiae genome sequencing effort has produced seven complete chromosome sequences (GenBank release 86.0, December 1994). As a result, hundreds of putative genes of unknown function have been identified, and it is expected that thousands more will be identified as the complete sequence of the yeast genome is determined. Powerful techniques are available for determining the biological functions of yeast genes. These generally involve a gene disruption strategy, in which a mutation is created in vitro and introduced into the genome. The mutant strain's fitness is then tested under various physiological conditions. While this approach is highly effective for analyzing individual genes, applying it to thousands of genes would be a mammoth task.
We present an efficient experimental approach, designed to allow the biological roles of the thousands of genes in the S. cerevisiae genome to be studied economically. Insertional mutagenesis and selections are performed en masse in a large population of cells, in a manner that allows the effects of the mutations in any DNA sequence under any particular selection to be determined retrospectively using the polymerase chain reaction (PCR). Specifically, transposition of a marked Tyl transposable element is induced in a large population of cells, generating Tyl insertional mutations at diverse sites. The mutagenized population is then divided into representative samples, each of which is subjected to one of a large set of selections or fractionations. DNA is prepared from the selected cells. The recovery of cells carrying Tyl insertions at a particular site, following a particular selection, can be determined retrospectively by using an aliquot of DNA from the selected cells as the template for PCR amplification (1) . A primer specific to the sequence under investigation and a second primer specific to the Tyl element are used, such that exponentially amplified products represent cells in which the sequence of interest is disrupted by a TyJ insertional mutation.
A role for a particular sequence under a particular set of selective conditions is inferred from depletion of the corresponding PCR product bands: the "genetic footprint" (Fig. 1) .
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The Tyl retrotransposon can insert at diverse sites in the nuclear genome, although certain sites are strongly preferred (2) . Analysis of Tyl transposition into the CAN1, LYS2, and URA3 loci indicates a strong preference for insertion into noncoding regions, especially 5' of the gene, but Ty insertion into these coding sequences has also been observed (3) (4) (5) Fig. 2 . The fluorescently labeled PCR products were detected using an automated DNA sequencer and displayed using the program GENESCAN (Applied Biosystems). Each PCR product is represented as a peak, whose area is proportional to the amount of product detected. PCR analysis of the DNA sample designated "time zero" (Fig. 2B) , which was isolated immediately after induction of transposition ceased, yielded numerous peaks of varying intensities. Repetition of the PCR using a second ADE2-specific labeled oligonucleotide, which primes at a site 207 bp upstream of the first oligonucleotide ( Fig. 2A) the ADE2 locus. These data were obtained using the program GENESCAN (Applied Biosystems). Fluorescence intensity (y axis) is plotted against scanline number (x axis). The scanline number refers to the time at which each DNA molecule was detected during electrophoresis. Thus, scanline number is related to molecular weight. As the resolution of the gel decreases with increasing molecular weight, peaks detected after scanline 3000 may represent two or more PCR products that are within 20 bp in size. Fig. 2G ). This representation of the data was generated by plotting all data between scanlines 1400 and 4200, and creating an image from a single vertical column of pixels from selected lanes, using the numeric computation and visualization software package MATLAB (The Math Works, Natick, MA). This image amounts to a vertical representation of the trace file, where peak intensity is mapped linearly to a gray scale (darker = more intense).
(can] mutants) generated by Ty] induction. Colony PCR was used to estimate the fraction of can-resistant colonies that were detectable using the CAN1-specific primer. We Analysis at the ILV2 locus did not reproducibly yield detectable PCR products corresponding to Tyl insertions within the 707 bp of coding region that we surveyed. However, a cluster of four bands representing insertions immediately 5' to the ILV2 initiation codon was depleted after growth in minimal medium, whereas the bands representing insertions further upstream were unaffected.
An Essential Gene. This analysis used a haploid yeast strain. The question therefore arises whether Tyl insertions can be detected in a gene essential for vegetative growth. In a simple case, we expect Tyl insertions in an essential gene to be underrepresented by 2/N (for large N), where N is the number of population doublings during the period of Tyl induction. SNP1, which encodes the yeast homologue of the human 70-kDa Ul small nuclear ribonucleoprotein, is essential for cell growth on glucose medium: snpl spores are able to germinate but cannot divide beyond the 20 to 35 cell stage (9) . Tyl insertions at 20 sites in a 765-bp region of the coding sequence were reproducibly detected in a time zero DNA sample. Nineteen of these bands were undetectable after five or more population doublings in rich or minimal medium.
Nonauxotrophic Test Genes. Fig. 3 Lower shows data for six genes whose function was not required for growth in either rich or minimal medium. For each of these genes, there was a sufficient density and distribution of Tyl insertions to indicate that neither CANI (arginine permease), CLN1 and CLN2 (Gi cyclins with overlapping functions), PH05 (acid phosphatase), RNR3 (a nonessential subunit of ribonucleotide reductase), nor MSH1 (Mut S homologue) was essential for 15 population doublings in rich or minimal medium. This was the expected result for five of these six genes (10) (11) (12) (13) (14) .
Analysis at MSH1. Cells with mutations in the sixth of these genes, MSH1, develop a petite phenotype: they are respiratorydeficient and are thus unable to grow on a nonfermentable carbon source (14) . Depletion of bands in the coding region might therefore be expected upon extended growth in either rich or minimal medium. We did not observe such a depletion after 15 population doublings. Indeed, cells carrying Tyl insertions in the coding region of MSHI were recovered even after 10 population doublings in medium containing a nonfermentable carbon source (not shown). However, after 60 population doublings in rich medium, we observed substantial depletion of PCR products corresponding to insertions in or adjacent to the coding region (Fig. 4A ). Significant depletion of these bands was also observed after 18 population doublings in medium containing a nonfermentable carbon source (lactate, not shown). MSH1 is a homolog of the bacterial muts gene, which encodes an enzyme essential for DNA replication fidelity. The phenotype therefore presumably reflects the accumulation of lethal mutations in the mitochondrial genome. As mshl spores are identical to wild type in their ability to germinate and grow to hundreds to thousands of cells (14), it is likely that 15 population doublings were insufficient for mshl cells to accumulate sufficient mutations in the mitochondrial genome to result in a significant growth disadvantage.
Selection in Rich Medium After 60 Population Doublings. For most of the tested genes, PCR analysis of DNA isolated from cells after 60 population doublings in rich medium produced a pattern of bands that was very similar to the pattern seen after 15 population doublings, as shown in Fig. 4B for CLN2. However, like MSH1, ADE2 (Fig. 2F) and TRP1 (not shown) showed substantial depletion of bands corresponding to insertions in the coding region. In the case of ADE2, these data reflected the growth disadvantage of ade2 mutants in rich medium, which probably resulted from the production of a toxic intermediate in ade2 ADE3 cells. The result seen with TRP1 may similarly reflect a growth disadvantage even in tryptophan-containing medium, or it may be a consequence of the lability of the tryptophan in the growth medium. tagen for this analysis in S. cerevisiae. 
